Background: Urothelial cancers (UC) are the fourth most common tumours worldwide after prostate (or breast), lung and colorectal cancer. Despite recent improvements in their management, UC remain an aggressive disease associated with a poor outcome. Following disease progression on first-line platinum-based chemotherapy, very few effective treatment options are available and none of them have shown significant improvement in overall survival. Alterations of the fibroblast growth factor receptor (FGFR) pathway including amplification, mutations and overexpression are common in UC. Pre-clinical data suggest that the presence of such dysregulations may confer sensitivity to FGFR inhibitors. Materials and methods: We present here the case of a patient with a metastatic UC of the renal pelvis with lymph node metastases treated with the selective FGFR inhibitor AZD4547. Results: To date, the patient has been on a study drug for 32 months with acceptable tolerance and maintained radiological partial response as per RECIST 1.1 criteria. Exploratory biomarker analysis showed FGFR3, FGFR1, FGF-ligand and fibroblast growth factor receptor substrate 2 (FRS2) expression in the patient's tumour, together with the presence of a germ-line mutation in the FGFR3 extracellular binding domain. This is not a known hotspot mutation, and the functional significance remains unclear. Conclusions: The FGFR inhibitor AZD4547 exhibits antitumour activity in a metastatic urothelial cancer displaying FGFR1, FGFR3, FGF-ligand and FRS2 expression. This lends support to the further exploration of FGFR inhibitors in urothelial cancer. Further studies are required to determinate the most effective way to select those patients most likely to respond.
Background
Urothelial cancers (UC) are the fourth most common tumours worldwide after prostate (or breast), lung and colorectal cancer [1] and originate along the transitional epithelium from the renal pelvis to the ureter, bladder and proximal two thirds of the urethra. Whilst bladder tumours account for 90-95 % of UC, upper tract urothelial cancers (UTUC) involving the renal pelvis and ureter are rare, representing only 5-10 % of all UC. Contrary to the improvement seen in overall survival (OS) in the last years in many other cancers, UC remains an aggressive disease associated with poor outcomes. Following radical surgical resection, the 10-year OS is 20-60 % for bladder cancer and 25 % for locally advanced UTUC [2, 3] . Similarly, following disease progression on first-line platinum-based chemotherapy combinations, very few effective treatment options are currently registered for metastatic UC, and none of them have shown significant improvement in OS. There is therefore an important unmet need for effective anticancer treatment in advanced UC. However, recently impressive clinical responses and progression-free survival benefit have been reported for both pembrolizumab and atezolizumab in UC patients who have failed first-line chemotherapy [4, 5] . These agents target the PD1/PDL1 T-cell checkpoint, and it is likely that immunotherapies will represent a significant advance in the treatment of metastatic UC patients. However, not all patients respond to these therapies, and work remains to be done to determine the molecularly defined disease segments which are sensitive to immunotherapies.
In the last decade, numerous targeted therapies have been approved for the treatment of metastatic solid cancer such as breast, colon, melanoma or kidney cancers among others. However, despite the existence of various potential targetable molecular alterations such as in the epidermal growth factor receptor (EGFR), the mammalian target of rapamycin (mTOR) or the aurora A kinase pathways, no targeted agents have proven to be of clinical benefit for patients with UC. The fibroblast growth factor receptor (FGFR) pathway has also been extensively studied in UC. The FGF/FGFR signalling axis comprises of 18 ligands which bind to four highly conserved trans-membrane tyrosine-kinase receptors (FGFR1, 2, 3 and 4). Fibroblast growth factors (FGF) signalling through their cognate receptors play an important role in normal organ, vascular and skeletal development and in the homeostatic control of phosphate and bile acids. Genetic alterations of the FGFR genes including amplification, translocation and mutations promote cell proliferation, cell migration, antiapoptosis and angiogenesis and have been described in a range of tumour types including urothelial cancers [6] ( Table 1) . Amplifications of the FGFR1 gene have been found in 9-10 %, FGFR2 gene in 0.8 % and FGFR3 gene in 3-5 % of UC cases [6] [7] [8] . FGFR3 has been shown to harbour activating mutations in 38-66 % of non-invasive UC and in 15-20 % of invasive UC, and a low prevalence of FGFR-gene fusions has been reported in UC [6, 9] . In addition, elevated expression of both FGFR1 and FGFR3, independent of FGFR gene amplification and mutation events, is reported to occur in a significant proportion of UC [6, 9] . In pre-clinical models, the presence of FGFR mutations, fusions and overexpression confers sensitivity to FGFR inhibitors [10, 11] .
We present a case of a patient with a metastatic UC and expression of the FGFR signalling pathway treated in a phase 1 trial with the FGFR inhibitor AZD4547. This patient was recruited into a phase 1 expansion arm study in advanced cancer patients with solid tumours harbouring either an FGFR1 or FGFR2 gene amplification as defined by centralised fluorescence in situ hybridisation (FISH) screening. Preliminary reports of the results from this phase 1 study have been presented [12, 13] , and a full manuscript is in preparation. Twenty-one patients were recruited into the Study 1C1 expansion arm, including three UC patients, two of whom experienced disease stabilisation (on-drug for 171 days and 32 months). The patient reported here experienced the more durable disease stabilisation.
Case presentation
A 47-year-old man presented with painless haematuria. He was a current smoker but had no relevant comorbidities. A flexible cystoscopy demonstrated a neoplastic lesion in the left ureteric orifice. Biopsy revealed a poorly differentiated transitional cell UC. A chest and abdomen computerised tomography (CT) scan showed enlarged para-aortic lymph nodes and a 3-cm mass in the left renal pelvis. He underwent a radical left nephroureterectomy and lymphadenectomy. Histopathology assessment reported a grade 3 Mutation Non-invasive urothelial cancer 38-66 [6, 9] Invasive urothelial cancer 15-20 [6] [7] [8] FGFR fibroblast growth factor receptor, NSCLC non-small-cell lung cancer multifocal papillary urothelial carcinoma of the renal pelvis and one metastatic left iliac lymph node. The final pathological stage was pT3pN1. He completed four cycles of adjuvant chemotherapy with cisplatin and gemcitabine with no major toxicities. Nine months later, a CT scan demonstrated disease recurrence with prominent new metastatic mediastinal, retroperitoneal and pelvic lymph nodes. Given his good performance status, he was referred for consideration of a phase 1 trial. He was considered for the expansion phase of an open-label phase 1 trial testing the antitumour activity of the FGFR inhibitor AZD4547 in patients with FGFR1-and/or FGFR2-geneamplified advanced solid malignancies. He underwent pre-screening testing of his FGFR status using FISH in an archival tumour tissue block containing a metastatic iliac node. According to the trial protocol, FGFR was considered to be amplified if the ratio between the FGFR gene copy number and the centromere probe count (FGFR/CEP10) was ≥2.0 across 50-100 tumour cell nuclei counted or if the percentage of tumour cells containing large FGFR clusters was ≥10 %. Molecular testing revealed an amplification of the FGFR1 gene as per the FGFR/CEP10 cluster definition. The complete molecular findings are summarised in Table 2 . A baseline CT scan was performed, and two target lesions were selected as per RECIST 1.1: a left coeliac lymph node measuring 1.6 cm in the short axis and a soft tissue mass next to the superior mesentery artery measuring 5 cm (Fig. 1 ). After confirmation of his eligibility, he was started on the study drug. According to the dose-escalation phase of the study, AZD4547 was administered orally at a dosage of 80 mg twice daily, every day, in 21-day cycles.
To date, the patient has been on study drug for 32 months with acceptable tolerance. The main adverse events encountered have been Common Terminology Criteria for Adverse Events (CTCAE) grade 1 hyporexia, grade 1 xerostomia and grade 2 nail toxicity which have all been successfully managed with supportive medications. No dose reductions or dose interruptions have been necessary. From the first trial CT scan, both target lesions have shown a progressive reduction in size. The best response to treatment was achieved at month 24, when the target lesions reduced in size to 1.0 and 3.2 cm for the left coeliac lymph node and the mesenteric soft tissue mass, respectively, with an overall 36.4 % reduction in tumour burden (Fig. 2) . Two urine samples (one 12 h and one 24 h) were collected from the patient whilst on treatment with AZD4547. Renal excretion of AZD4547 in these samples was 2.53 and 2.33 %, respectively. The range of the fraction of dose excreted unchanged over the dose interval in part A of the phase 1 dose-escalation study was 1.7 to 8.4 % (overall mean 4.05 %); therefore, the fraction of AZD4547 renally excreted unchanged in this patient was minor and in keeping with these in the dose-escalation, making it unlikely that high intravesical concentrations of the drug accounted for the observed clinical benefit. Exploratory molecular analysis of the patient's archival tumour sample included FGFR1 and FGFR3 protein expression by immunohistochemistry (IHC) and nextgeneration sequencing (NGS) analysis at Foundation Medicine. NanoString analysis of gene expression levels was performed on tumour samples from a total of 81 patients (15 patients dosed with AZD4547 plus an additional 66 patients pre-screened for the study). Exploratory biomarker results are summarised in Table 2 . Analysis revealed expression of FGFR1 and FGFR3 at both the protein (Fig. 3 ) and ribonucleic acid (RNA) level. Expression of multiple FGF ligands was detected by NanoString with a particularly high expression of FGF7. Analysis by NanoString showed that compared to other samples in the 81 tumour tissue cohort FGFR3IIIb and FGF7 expression levels were at the 89th and 95th percentile, respectively.
The gene mutation and copy number variants detected by NGS analysis are summarised in Table 2 . Interestingly, this analysis failed to confirm the presence of FGFR1 gene amplification and detected the presence of an FGFR3 mutation (S236N). Subsequent analysis of DNA extracted from the patient's blood sample showed this to be a germ-line FGFR3 mutation. In contrast to the known oncogenic FGFR3 mutations S249C, R248C and Y373C, expression of the S236N FGFR3 in MCF10 cells failed to induce anchorage-independent colony formation; hence, the functional significance of this mutation is unclear (data not shown). High-level amplification of murine double minute-2 (MDM2) was also detected. The fibroblast growth factor receptor substrate 2 (FRS2) gene lies close to MDM2 on chromosome 12q13-15, and these genes are often co-amplified. Analysis of The Cancer Genome Atlas (TCGA) data set shows that in UC, 10 out of 11 MDM2-amplified tumours are also FRS2-amplified [7] (Fig. 4) and NanoString analysis confirmed high FRS2 expression in our patient's tumour sample (Fig. 5) .
During the course of the clinical trial, the FISH scoring system of FGFR amplification was changed and the cluster definition of amplification was eliminated. Our patient's FGFR status was reassessed using the new scoring system and showed a FGFR/CEP10 ratio lower than 2.0. Consequently, our patient was no longer judged to have a FGFR1 gene amplification. This is consistent with the fact that NGS analysis failed to detect an FGFR1 amplification. However, in view of the patient's ongoing clinical benefit and tolerance of the study drug, and after discussing this issue with the patient, it was decided to continue treatment. Study treatment was ultimately stopped after 32 months on the drug due to disease progression in the existing lymph node disease with no new lesions elsewhere.
Discussion
This report demonstrates for the first time that the FGFR inhibitor AZD4547 exhibits antitumour activity in a patient with metastatic UC. Moreover, a duration of response of 32 months is exceptional in the context of a metastatic UC in the first-line therapy setting. Exploratory biomarker analysis of an archival tumour sample showed clear evidence of high FGFR, FGF-ligand and FRS2 expression. FRS2 is an adaptor protein which lies downstream of the FGFR, mediating the activation of MEK and other signalling pathways, and FRS2 amplification is associated with sensitivity to FGFR inhibition [10] . AZD4547 is a potent selective inhibitor of the tyrosine-kinase activity of FGFR1, 2 and 3. FGF/FGFR signalling is known to be crucial in neoplastic development. FGFR is an increasingly studied oncogene with the potential to be involved in the proliferation of a significant proportion of tumours (Table 1) .
In view of the pre-clinical evidence indicating oncogenic addiction in FGFR dysregulated xenografts, clinical development of FGFR inhibitors is now being focused in FGFR aberrant tumours. However, the preliminary results of phase 1 trials using selective FGFR inhibitors such as AZD4547, JnJ42756493 or BGJ398 have so far shown limited clinical benefit in FGFR aberrant tumours selected only on the basis of FGFR1 or 2 amplification (Table 3 ) with monotherapy response rates in the range of 5 to 25 % [13] [14] [15] [16] . Moreover, pre-clinical studies in NSCLC have suggested that FGFR1 mRNA and protein expression might be better predictive biomarkers of response to FGFR TKI than gene copy number [17] . This case report illustrates the complexity of biomarker identification and drug development in oncology [18] . Further biomarker research is therefore needed in order to understand the best approach to patient selection in tumour types in which FGFR gene amplifications occur.
In phase 1 studies of FGFR inhibitors, an early efficacy signal has emerged in UC patients harbouring FGFR mutations or fusions [16, 19] . Here, we report on a urothelial cancer patient with FGFR1, FGFR3, FGFligand and FRS2 expression who has derived durable clinical benefit from AZD4547 therapy. A germ-line [6, 9] , and further work is required to determine the optimal patient selection criteria for defining the sensitive patient population. Recently, encouraging clinical data has emerged for immunotherapies such as pembrolizumab and atezolizumab in advanced UC patients, and it will be interesting to understand the efficacy of these molecules in patients with FGFR pathway aberrations and the potential for combination with FGFR inhibitors. To address this, a clinical trial is now planned to explore the efficacy of AZD4547, both in monotherapy and in combination with the anti-PDL1 antibody MEDI4736, in advanced UC patients with FGFR3 mutations or fusionpositive tumours, and a future opportunity might be to expand these studies to patients with elevated FGFR and/or ligand expression.
Conclusions
In conclusion, our case report illustrates the molecular complexity of the FGFR pathway. The FGFR inhibitor AZD4547 exhibits antitumour activity in a metastatic urothelial cancer displaying FGFR1, FGFR3, FGF-ligand and FRS2 expression. This is important as it lends further support to the exploration of FGFR inhibitors in urothelial cancer. Further work is required to optimise the predictive biomarkers of response to FGFR inhibitors in order to better select patients to clinical trials and ultimately provide them with a greater probability of deriving clinical benefit.
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